Acute myeloid leukemia (AML) is presently associated with a relapse rate of 50%, with a 5-y overall survival of only \~35--40%, daunting statistics challenging scientific research to identify novel treatment options. In this regard, adoptive immunotherapy with chimeric antigen receptor (CAR)-engineered T cells represents a fascinating biotechnological tool to advance the frontiers of modern cancer treatment. Recent evidence of the efficacy of this immunotherapy-based strategy has been provided in the clinical setting of chronic lymphoid leukemia.[@R1] In brief, CARs are artificial T-cell receptors composed of a monoclonal-antibody (mAb) derived, extracellular-antigen-binding domain fused to an intracellular-TCR signal transduction region. Thus, CAR engineered T cells specifically target a cancer cell surface antigen by exploiting the antigen binding properties of monoclonal antibodies to eliminate malignant cells by activating T-cell mediated effector functions ([Fig. 1](#F1){ref-type="fig"}).

![**Figure 1.** The strategy to eradicate AML cells via chimeric antigen-receptor (CAR) immunotherapy. Chimeric antigen receptor **(**CAR) engineered cytokine-induced killer (CIK) T cells specifically target acute myeloid leukemia (AML) surface antigen by exploiting the antigen binding properties of CD123-CAR activating CIK cytotoxic effector functions to specifically eliminate malignant cells while sparing the normal hematopoietic stem/progenitor (HSPC) counterpart.](onci-3-e28835-g1){#F1}

In the last years accumulating evidence has provided support for the hypothesis that one of the mechanisms underlying the high rate of therapeutic failure may be the existence of AML leukemic stem cells (AML-LSCs), a rare, quiescent population residing within the osteoblastic niche of the bone marrow and resistant to chemotherapeutic drugs.[@R2] Thus, with the aim to eradicate the AML disease by CARs, the target antigen should be expressed also at the level of the AML-LSC compartment.

CD33 antigen was among the first AML antigens to be targeted by mAbs, or immunotoxins, although, unfortunately, not proven safe due to a certain level of toxicity that has been observed in the clinical setting probably resulting from concomitant high expression of CD33 on both leukemic cells and their normal hematopoietic counterpart.[@R3] This observation was also confirmed in our in vitro model of anti-CD33 CAR,[@R4] prompting us to move toward a more selective targeting approach. More recently, CD123 molecule has emerged as more specific for AML cells and AML-LSCs considering that it is overexpressed by leukemic cells while being expressed at low levels by normal hematopoietic stem/progenitor cells (HSPCs).[@R5]

Cytokine-induced killer (CIK) cells represent a peculiar population to be genetically modified by CARs, both in terms of feasibility and safety profile, with no significant toxicity toward normal myelopoiesis or role in graft-vs.-host disease (GVHD). Nonetheless, CIK cells have a modest basal anti-AML activity, as observed in our previous and current trials in humans,[@R6] such that one can envisage new strategies to improve their native killing capacity toward AML. Our initial in vitro study of CIK cells potentiated and redirected by genetic modification with anti-CD33 and anti-CD123 CARs confirmed an equal AML cytotoxic potential, with a safer profile of anti-CD123 CAR toward HSPCs.[@R7]

To further characterize the anti-AML CAR-redirected CIK cell anticancer activity, we next performed a more accurate comparison of the anti-CD33 and anti-CD123 CARs immunotherapeutic potential using in an in vivo NSG (NOD-SCID IL2Rγ^−/−^) mouse model. In this study, primary AML patient samples were used as targets in conditions mimicking either high leukemic blast burden and minimal residual disease (MRD) conditions. In both scenarios, both CARs were equally able to control the tumor growth without the emergence of antigen CD33- and CD123- loss variants during the treatments, as it has been recently reported in human clinical trials for CD19.CAR in the treatment of acute lymphoblastic leukemia.[@R8] However, by performing secondary transplantation experiments and colony assays of the remaining recovered target cells, we showed that anti-CD123 CAR^+^CIK cells were superior to anti-CD33 CAR^+^ CIK cells in terms of anti-AML efficacy as well as their safety profile against HSPCs, exhibiting limited toxicity against normal long-term repopulating cells derived from umbilical cord-blood cells or normal adult bone marrow.

From our results CD123 has emerged as a potential new antigen to be targeted with the CAR approach. A recent paper by Gill et al., questions the selective effect of anti-CD123 CAR,[@R9] showing that normal human fetal liver CD34^+^ cells were as sensitive to the treatment of anti-CD123 CAR as leukemic cells. This could be due to a higher CD123 expression level on human fetal liver CD34^+^ cells as compared with normal adult bone marrow CD34^+^ cells. Other possible explanations for the disparities reported between the two studies could be related to the use of different effector T cells and of diverse anti-CD123 clones from which the short-chain variable fragments (scFv) were derived for the construct.

Regardless, the evaluation of the potential "on-target but off-organ effect" on normal tissues (other than the hematopoietic compartment) expressing the target antigen must be taken into consideration. Indeed, in our study in vitro*,* we could observe a limited toxicity of anti-CD123 CAR-redirected CIK cells against normal tissues, such as endothelial cells and monocytes, known to express CD123 at lower levels relative to those of AML cells.

In order to ensure a translation of the anti-CD123 CAR to the clinic in the future, it may be safer to couple the CAR construct with a switch-off mechanism, such as a suicide gene strategy similar to the inducible-caspase 9 system that we previously demonstrated to be effective in rapidly eliminating effector T cells.[@R10]

At present, in the scenario of AML immunotherapy, Phase I clinical trials targeting CD123 by mAbs and immunotoxins (Clinical Trials.gov ID NCT 004401739 and NCT 00397579) have registered only minor clinical responses, suggesting the need to develop more powerful strategies. In this regard, together with the development of more powerful mAbs (Fc-optimized or new bi- or even tri-specific antibodies), the CAR approach could offer several advantages compared with mAbs, showing a more efficient biodistribution and improved synergism with the immune system through the release of cytokines. Moreover, a potential development of long-lasting cell-mediated immune responses could offer the possibility to durably control the disease overtime. Additionally, the persistence and functional activity of CAR-redirected T cells can be tuned and improved by the addition of the CD28OX40 co-stimulatory domain generating third generation CARs, as demonstrated in our recent publication.[@R11]

In conclusion, an anti-CD123 CAR-based strategy, eventually coupled with a suicide gene system, could truly represent a major advancement in the field of AML, particularly for high-risk transplanted patients in the context of minimal residual disease, or as an alternative biological treatment for older patients where standard aggressive chemoradiotherapy approaches are not applicable.
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